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Preface

An essentialelementof the World Climate ResearchProgramme(WCRP) is the Global Energy
andWaterCycle Experiment(GEWEX). Within GEWEX fivecontinental-scaleexperimentsare
being conductedof whichthe Baltic SeaExperiment(BALTEX) is one. Its scientificobjectives
include comprehensivedeterminationof the energyand water budgetsof the BALTEX area.
The componentsof the atmosphericbranch of the hydrologicalcycle are the key elementsto
be investigated. Special observingcampaignsfor gaining basic data sets are planned within
BALTEX. The first of theseis the Pilot Study for IntensiveData Collection and Analysis of
Precipitation (PIDCAP) which coversthe periodfrom August throughNovember1995.

A descriptionof theweatherpatternsduringPIDCAP, includingan overviewof 26selected
precipitationrecordsdistributedoverthe area,hasrecentlybeenpublishedby the International
BALTEX Secretariat(Isemer1996). The presentPIDCAP precipitationatlas basedon 1000
stationsand interpolatedto gridpointscompiledby Rubel givesan accountof the spatialprecip-
itation field during eachday of PIDCAP. BALTEX usersmay wishto havea quicklookarchive
availablefor easyreferenceto thePIDCAP precipitationregimeovertheirresearcharea;Rubel’s
atlasmay servethis purpose. It is the first contributionof the convectiongroup at the Univer-
sity of Vienna that has joined the BALTEX communitywithin the researchproject N umerical
Studiesof theEnergy andWaterCycle of theBaltic Region(NEWBALTIC). BeginningJanuary
1996, NEWBALTIC is beingfundedby the EuropeanUnion.

Michael Haute]
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Summary

PIDCAP is the Baltic SeaExperiment (BALTEX) pilot study for intensivedata collectionand
analysisof precipitationin the Baltic Seawatercatchmentregion.For the period of August to
November1995, the routineSYNOP precipitationovertheBALTEX modeldomainis objectively
analyzed twice daily. Additionally, both the areal distribution and the total amount of the
monthly precipitationinput into the Baltic drainagebasin are calculated.

Approximately 1000SYNOP stationsexistoverthe extendeddomainof the regionalmodel
REMO. The spatial resolutionfor the presentanalysisis 55km (41-61grid pointsof the DWD
Europa-Modell), and the time resolutionis 12hours. The precipitationfields are calculatedon
equidistantgridpointsby a statisticalinterpolationtechniquewhichis knownin meteorologyas
optimumaveragingwith normalizedweights,and in hydrologyas block kriging. Prior to the
analysisthe data are checkedfor unrealisticvalues.The observationerror is set at a constant5
%.The autocorrelationfunctionfor the precipitationis characterizedby the distancefor which
it decreasesto 1/e. The 12 closeststationswithin this distanceareusedfor the calculationof
eacharealmean precipitationvalue. The decorrelationdistanceis 240km for August, 260km
for September,280km for October, and 300km for November1995.

This analysisprocedureyields two 12hour—accumulatedprecipitationfieldsper day,for the
synoptictimes 06:00 and 18:00UTC. For eachprecipitationfield, the error field is availablein
the sameformat. The interpolationerror is typically 15% of the varianceof the precipitation
field overCentral Europe; overparts of the Baltic Seait reaches30%.

The analyzed precipitationfields give a quick-lookview of eventsduring PIDCAP, which
allowsfor the selectionof meteorologicallyinterestingepisodesin full REMO-model resolution.
Further, they can directlybe comparedwith thecorrespondingforecastsfromnumericalweather
predictionmodels. Visual comparisonwith precipitationfields from the European Centre for
Medium Range WeatherForecasts(ECMWF) showsfair agreementin both the patternand the
valuesbetweenthe forecastand the analyzedfields.

The climatologicalwater balanceof the Baltic drainagebasin exhibits a strong seasonal
dependenceon the averagedmonthly precipitationinput. For example,the highestamountof
precipitationcan be expectedin August and the lowestin February. This doesnot correspond
to the presentlyanalyzedmonthly averagesfor the PIDCAP periodwhich are generallylower
than the climatologicalvalues. The monthly areallyaveragedestimatesof precipitationare 53
mm for August, 71mm for September,41mm for October, and 46mm for November1995.
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PIDCAP ist die Pilotstudie für intensiveDatensammlungund Analyse von Niederschlagim
Einzugsgebietder Ostseeund Teil des BALTEX (Baltic Sea Experiment) Programmes. Für
die Periode August bis November1995 wurdendie zweimaltäglich routinemäßiggemessenen
SYNOP-Niederschlägeobjektivanalysiert. ZusätzlichwurdedieräumlicheVerteilungsowieder
gesamtemonatlicheNiederschlagseintragin das Einzugsgebietder Ostseeberechnet.

Über dem erweitertenGebiet des regionalenModells REMO sind Daten von ca. 1000
SYNOP Stationenverfügbar.Die räumlicheAuflösungdervorliegendenAnalyse beträgt55km
(41°61 Gitterpunkte desDWD Europa—Modells),die.zeitlicheAuflösungbeträgt 12 Stunden.
Die NiederschlagsfelderaufdiesemäquidistantenGitter wurdenmittelseinesstatistischenInter-
polationsverfahrensberechnet,dasin derMeteorologieals OptimumAveragingwithNormalized
Weightsund in der Hydrologieals Block Kriging bezeichnetwird. Vor der Analyse wurdendie
Daten auf unrealistischeWerte überprüft. Für den Beobachtungsfehlerwurdeein konstanter
Wert von 5 % angenommen.Die AutokorrelationsfunktiondesNiederschlageswurdedurch die
Distanz, nach der sieauf 1/e abfällt, charakterisiert;die 12 nächstgelegenenStationeninnerhalb
dieserDistanz wurdenfür dieAnalyse desFlächenniederschlageseinerGitterboxverwendet.Für
August wurdeeineDekorrelationsdistanzvon 240km, für Septembervon 260km, für Oktober
von 280km und für Novembervon 300km ermittelt.

Mit dieserAnalysewurdenzweimaltäglichdie 12-stündigakkumuliertenNiederschlagsfelder
zu den synoptischenTerminen 06:00 und 18:00 UTC berechnet. Zusätzlichzu jedem Nieder-
schlagsfeldist das entsprechendeFehlerfeldverfügbar. Der Interpolationsfehler,angegebenin
Prozent der Varianz desNiederschlagsfeldes,hat eine typischeGrößenordnungvon 15% über
Mitteleuropa und erreicht30% über Teilen der Ostsee.

Die analysiertenFeldergebeneinenÜberblickbezüglichderNiederschlagsereignissewährend
PIDCAP. Sie erleichternsomit die Auswahl meteorologischinteressanterEpisoden für eine
nachfolgendeAnalyse in der vollen REMO Auflösung. Weiterssind sie direkt mit Prognosen
von numerischenWettervorhersage—Modellenvergleichbar. Ein erster visueller Vergleichmit
Niederschlagsfeldernvom EuropäischenZentrum für MittelfristigeWettervorhersage(EZMW)
zeigt eine gute Übereinstimmungim Muster und in den absolutenWertenvorhergesagterund
analysierterFelder.

Aus der klimatologischenWasserbilanzdesEinzugsgebietesderOstseeist einestarkejahres-
zeitliche Abhängigkeit des monatlichenNiederschlagseintragesersichtlich. Danach sind die
höchstenNiederschlagsmengenim August und diegeringstenim Februarzu erwarten.Eine dies-
bezüglicheÜbereinstimmungmit den analysiertenMonatsmittelwährendder PIDCAP-Periode
ist allerdingsnicht gegeben.Die analysiertenNiederschlägesind, verglichenmit den klimatolo-
gischenWerten, generellzu gering. Das MonatsmitteldesFlächenniederschlagesbeträgt53mm
im August, 71mm im September,41mm im Oktober und 46mm im November1995.
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Acronyms

BALTEX BALTic SeaEXperiment
DIAMOD DIAgnostic MODeI
DM DeutschlandModell
DWD DeutscherWetterDienst
ECMWF European Centre for Medium RangeWeather Forecasts
GEWEX Global Energy andWater Cycle EXperiment
GTS Gobal TelecommunicationSystem
HIRLAM HIgh ResolutionLimited Area Model
NEWBALTIC Numerical Studiesof the Energy and Water Cycle of the BALTIC Region
PIDCAP Pilot Study for IntensiveData Collection and Analysis of Precipitation
REMO REgional MOdel
SYNOP SYNOPtic Observations
UTC Universal Time Coordinated
WCRP World Climate ResearchProgramme
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1 INTRODUCTION

A particularlyimportantpart of BALTEX (Baltic SeaExperimer%)iséthédevelopmentofmeth-
odsfor thedeterminationof precipitationandevaporationoverlargebodiesofwater. This atlas
containsthe synoptic scaleprecipitationfieldsof the PIDCAP (Pilot Study for IntensiveData
Collectionand Analysis of Precipitation),carriedout from August to November1995.

The synoptic scale precipitationfields are used to give a quick—lookview of eventsdur-
ing PIDCAP, which allowsfor the selectionof meteorologicallyinterestingepisodesfor further
studies. The precipitationfieldsare analyzedon the grid of the DWD Europa-Modell, and are
thereforedirectly comparablewith the correspondingforecasts.Further, they areusedas input
for the thermodynamicdiagnosticmodeln-DIAMOD (Dorningeret al. 1992, Hantelet al. 1993,
and Haimbergeret al. 1995). The aim of DIAMOD is to calculatethe sub-gridscalefiuxesof
latentandsensibleheat,and contributeto the studyofenergyexchangebetweentheatmosphere
and the surfaceof the earth. This is a further topic within BALTEX.

The presentedprecipitationfields are calculatedfrom the routinely available12-hourlyac-
cumulatedObservationsof the synoptic network. They do not contain specialPIDCAP data.
The latter, togetherwith high resolutionradar data,will be usedin the futurefor selectedcase
studies. According to the densityof the availabledata, the definitionof the spatial resolution
was set to 55 km, in approximatecorrespondenceto the presenttime resolutionof 12 hours.
Becauseof the limited densityof the synopticnetwork,a higher spaceresolutionprecipitation
analysisoverthewholeBALTEX domaindoesnot seemrealistic. However,detailedcasestudies
Will be performedin the full resolutionof the BALTEX model REMO (RegionalModel) which
wasset to 18km.

For the spatial analysis of the irregularly distributed precipitation data, many methods
havebeenproposedand appliedto rainfallfields. These are the nearestneighbourmethod,the
arithmeticmean, spline surfacefitting, interpolationbasedon empirical orthogonalfunctions
and statisticalinterpolationtechniques.The latter are the so-calledoptimuminterpolationor
optimal averaging(Gandin 1993) and the so—calledkrigingmethods(Krige 1981,Rendu 1981).
Thesemethodshavebeendevelopedsincethe early 603in bothmeteorology(Gandin 1965) and
hydrology (Krige 1962, Matheron 1963). Today, statisticalinterpolationmethodsare state of
the art; objectivecomparisonshavepointedout their advantageto othermethods(Creutin and
Obled 1982).

The optimuminterpolationand krigingtechniquesrequirethe knowledgeof the statistical
structure function (semivariogram),or the covariancefunction (Bacci and Kottegoda 1995).
While in hydrology the semivariogramor variogramis generallyused, in meteorologythe au-
tocorrelationfunction (normalizedcovariancefunction)is more common.With the analysisof
PIDCAP precipitationdata, it is assumedthat the precipitationprocessis stationaryof second
order (homogeneityofmean,variance,and covariance).Under this assumption,it is possibleto
transformthe semivariogramfunctioninto the autocorrelationfunction, and vice versa.

The autocorrelationfunction of precipitation dependson the consideredspace-timeag-
gregation(Rubel 1994) and can be characterizedby decorrelationdistances(Zawadzki1973).
Further, it dependson the precipitationprocessitself, namely on the dominanceof either the
convectiveor the stratiformcomponent.The spatial autocorrelationfunctions,estimatedfrom
the 12-hourlyaccumulatedprecipitationdata during the PIDCAP period, are characterizedby
decorrelationdistancesof about270km. This guaranteesthepossibilityof performinga synoptic
scalestatisticalinterpolationwith sufficientaccuracy.

The statisticalinterpolationmethodsareeitherlinearor nonlinear,biasedor unbiased,least-
squaresspatial interpolationtechniques.They are advancedapplicationsof Gauss’ Theory of
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Errors, and thereforeoptimal in a statisticalsense.However,becauseof the necessaryassump-
tions (eg, homogeneityand isotropy) that haveto be made for the practical implementation,
theyaresometimestoo far offto yield optimalresults.That is thereasonwhyvariousalternative
assumptionshave been proposed,that lead to different,more or lessexpensive,interpolation
methods.Differentis alsotheterminologybetweenmeteorologicalandhydrologicalapplications.
The main differencebetweenoptimuminterpolationand krigingis the hypothesisof ergodicity
usedin kriging. A processis said to be ergodic,if the estimatesof its moments,obtainedon
the basisof the availablerealizations,convergein probability to the theoreticalmomentswhen
the availablesample increases. Thus, one can perform a precipitationanalysis basedon the
knowledgeof only a singlerealization. Further, for Observationsof precipitationaccumulated
overshort times (eg, hourly or daily means),it is not practical to usefirst guess(background)
fields,as it is donein the classicaloptimuminterpolation.The reasonis that the accuracyof the
precipitationforecastof today’s meteorologicalmodels is not sufficient. Forecasterrors could
producea completelyunrealisticprecipitationanalysis,becauseprecipitationis not a statevari-
able. Further, a climatologicalbackgroundfieldis not appropriatebecauseof thehighvariability
of precipitationeventsfor 12-hourlyprecipitation.

For that reason, the PIDCAP precipitationanalysis is performedhere with the analysis
techniquecalledordinarykrigingwhichis well-knownin geosciences.This methodis alsoknown
in the meteorologicalliteratureas optimuminterpolationwith normalizedweights,althoughit
is rarely used. This is due to of the availabilityof first guessfieldsfrommodel forecastsfor the
atmosphericstate variablesthrough which the analysis is improved. Reversibly, the classical
optimuminterpolationmethodis knownin hydrologyas simplekriging.

Atmosphericvaluesaregenerallyanalyzedon grid points. In the caseof precipitation,not
grid point values,but areallyaveragedvalueshad to be analyzed. One can distinguishbetween
point kriging and block kriging; the latter is the application of kriging to area and volume
interpolation,and containspoint krigingas specialcase. Basedon this terminology,our present
interpolationtechniquewill be referredto as ordinary blockkriging.

2 MODEL DOMAIN AND DATA

The BALTEX model areacan be seenin fig. 1. The PIDCAP precipitationdata are analyzed
on the grid of the Europa—Modellof the DWD. It usesa rotatedlatitude/longitudegrid, which
canbe calculatedfrom thegeographicalsystemby rotationof a definedangle(DWD 1995).The
newpositionof the north poleresultingfromthis rotationis 170°W and32.5°N (—170°/32.5°),
and wasdefinedin a way such that the rotatedequator is placed in the middle of the model
domain. Models benefit from this rotated latitude/longitudegrid, becauseit allowsthem to
operateon larger time steps.

The lowerleft cornerof the BALTEX grid hasthe rotatedcoordinates—5°/—14°; the upper
right corner 15°/ 16°. The grid spacingin zonal and meridionaldirectionis set to 0.5°,which
correspondsto a grid distanceof about 55 km. Therefore, the dimensionof the grid is set to
41-61 grid points.

For the precipitation analysis the 06:00 UTC and 18:00 UTC observationalprecipitation
valuesof the synoptic networkare used. The numberof the availablestationsvariesfrom re-
alizationto realization. In fig. 1, right the stationstransmittedvia GTS on 4 November1995,
18:00 UTC, are shown. For the analysis,Observationsin the vicinity of the model domain are
alsoused. Togetherwith theseObservations,with no morethan 5 grid distances(corresponding
to the mean decorrelationdistanceof synoptic scaleprecipitation)outsidethe model domain,
the number of the availablestations is over 1000. The station density is highest in Central
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Europe, and lowestover Eastern Europe. Over the Baltic Sea the stationdensityis relatively
low,but it is guaranteedthat for eachgrid point to be analyzedseveralObservationsareavailable
within the decorrelationdistance. A precipitationanalysisis thereforepossible,evenover the
data-poorregionof the Baltic Sea.

20‘E 30'E 40‘E 50'E

. ' . l . 50'

20'E

Figure 1 BALTEX modeldomainwiththegridoftheregionalmodelREMO (left)andthelocationofthe
synopticalsurfacestationsfor4 September1995,18:00UTC (right).Boldgridpointsarewithin
theboundaryoftheBalticdrainagebasin,whichismarkedbyasolidline.

3 STATISTICAL STRUCTURE OF PRECIPITATION

The statistical structureof precipitationis usually representedby spatial and temporal auto-
correlation functions. However,this representationis not unique becauseprecipitation is a
complexphysical phenomenon,it is not possibleto fully describeprecipitationprocesseswith
only one universalcorrelationmodel. Ideally,precipitationeventsshouldbe separatedby dif-
ferentcriteria, e.g. stratiformor convectivetype precipitation. Each typeof precipitationcould
then be assumedto be part of an ensembleof homogeneousrealizationswith definedstatistical
properties. The synoptic scale precipitation over Europe contains stratiformand convective
componentsof differentintensitiesand compositionsat the sametime. Moreover,it is hardly
possibleto separatethem. For this reason,the analysisof the PIDCAP precipitationfieldswas
performedwith the useof only a singleautocorrelationfunctionfor thewholemodel domain.
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Empirical estimation of correlation functions

We assumethat n contemporaryObservationsof the precipitationprocessZ(u) exist at the
locations u; &“(x,-,y,),i=1,2,...,n. Further, if there aremultiple realizationst=1,2,...,T of this
process Z(u), then the empirical estimationof the interstationcorrelationR(u,-,u,-) can be
performedas follows:

„ [Z. (Hi)—fiz(u‚;)][Z, (Hi) —7’73.(u‚-)]
R(uzsuj) = t 1 (1)T T

‚5 [Zi (u.-)— ... (u.->12E. [Zi (u.->—@ (u.->12

Me

t=1

wherethe mean fit(u‚-)is estimatedfrom

1 T
m(ui) = — ZZt (u,-) (2)

T t=1

The correlationsare then obviouslyboundedby

—1<R('p)<1 (3)

Assuming that the precipitationprocessis homogeneousand isotropwithin the model domain,
then the correlationsR(u„u,-) are dependentonly on the interstationdistance‚Dij,and inde-
pendentof the geographicallocationsof the stations.

f?.(u,-,uj)= R(Im - Url) = R(p,—,—) (4)

The result of an interstationcorrelationanalysisis usually presentedin form of a scatterplot
(Berndtsson1987,Rubel 1994).A secondway is to groupthe correlationsbasedon their inter-
stationdistancep,-‚-.Then it is possibleto describethe scatteringof the correlationcoeflicients
by the mean and standarddeviationof eachdistancegroup.

To identify the structureof precipitation,a hypothesisabout the theoreticalmodel had to
be formed. For the synopticscaleprecipitationoverEurope, thefollowingnonlinearmodelwith
3 coefficientscl, 02and 63waschosen.

Ä(ß) = 61ervp(—62p°3)‚ (5)

The exponentialautocorrelationfunction has the requiredproperty of being positive definite
(Weber and Talkner 1993). In order to fit the parametersof the function to the empirically
estimateddata, the coefficientsweredeterminedaccordingto themaximumlikelihoodhypoth-
esis. For the practical runs the Levenberg-Marquardtalgorithm(Presset al. 1987),which is a
standardalgorithmof the least squaremethod,is used.
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Autocorrelation functions for PIDCAP

Fig. 2 showsthe correlationscalculatedfrom the synopticprecipitationObservations,together
with the fitted correlationfunctions. The dots are themeanand the verticallines the standard
deviationsof the correlationsin the distancegroup. For eachmonthof the PIDCAP period, a
separatecorrelationmodelwasestimated.

All synopticstationswithin the BALT EX modeldomain,includingthosewhichareoutside
the domain by no more than 5 grid distances,areused;this numbermay be n. This yields:

Np(n)=irzn_(’l2ii) (6)
i=1

interstationpairs. The total numberof thesestationscanbe estimatedto be 1000. For eachof
theN„ interstationpairs (hereabout500000)a correlationcoefficientcanbe calculatedprovided
an ensembleof Observationsis available.The numberof realizationspermonth(60dates)yields
a reasonablebasisfor eachcorrelationcoefficient.

In practice, the theoreticallypossiblenumber of correlationswill be reducedby pairs of
stationswith interstationdistanceslargerthan 500km, and pairs of stationswhichboth have
zeroprecipitation. The latter are excludedfrom the correlationanalysisper definition(Bacchi
and Kottegoda 1995).The high numberof possiblecorrelationcoefficientsis the reasonwhy the
mean correlationcoefficientsof the distancegroupedpairs of stationsare quitewell fitted by
the selectedexponentialcorrelationmodel (fig. 2). With a decreasingnumberof Observations,
the deviationof the mean correlationcoefficientsfromthefitted correlationfunction increases.

modelparameter decorrelation

month cl c2 C3 distance[km]

August 0.95 0.039 0.590 =240

September 0.95 0.008 0.859 =260

October 0.95 0.012 0.770 =280

November 0.95 0.011 0.762 =300

Table 1 Autocorrelationmodelsfor thePIDCAP—period:coefficientsc1,02and03of themodelR(p) :
01erp(—c;p°3)anddecorrelationdistancesasfunctionofthemonth.Thecoefficientc1issetto0.95
andcorrespondstoanobservationalerror(nuggeteffect)ofA2=0.05(seechapter4).
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Figure 2 Meancorrelationsandstandarddeviationsforthe8groupsofinterstationdistancestogetherwith
thefittedautocorrelationfunctionoftypeR(p): c1ezp(—czp°3)forthe4monthsofthePIDCAP
period.Theassumeddecorrelationdistancesaremarkedbyarrows.

The model parameterschez, and 03,and thereforethe curve of the autocorrelationfunction,
varieswith the climatic regionandwith the seasonof the year. For a simplecharacterizationof
the autocorrelationfunction,a typical distance,the decorrelationdistance,is used. It is defined
asthe distancefor whichthe correlationdecreasesto 1/e. From the curveof the autocorrelation
function, one can infer the type of precipitation. A strong decreasein the autocorrelation
function, correspondingto a short decorrelationdistance, is characteristicof convectivetype



PIDCAP - Quick Look Precipitation Atlas 13

precipitation. A weakdecrease,correspondingto a wide decorrelationdistance,is indicative
of stratiformprecipitation. The spatialautocorrelationfunctions,estimatedfrom the 12—hourly
accumulatedprecipitationdataduringthePIDCAP periodoverthewholeBALTEX modelarea,
are characterizedby decorrelationdistancesof about 240km for August, 260km for September,
280km for October, and 300km for November. This suggeststhat the convectivecomponent
in the precipitationfieldsover Europe decreasesfrom August to November,which is in accord
with the Observations.

Note that the relatively large decorrelationdistancesare causedby the present time ag-
gregationof 12 hours. For 1—hourlyaccumulatedprecipitationObservationsthe decorrelation
distancesare of the orderof 50km (Rubel 1996).

4 STATISTICAL INTERPOLATION

The analysisof the precipitationfields,that is the estimationof the valuesof precipitationon
the location of the grid pointsfromirregularlyspacedObservations,wasperformedwith thewell
knownmethod called optimal averagingwith normalizedweights(Gandin 1993),or ordinary
blockkriging (Krige 1981).This methodhasalsobeenproposedfor the arealassessmentof pre-
cipitation by theWMO (Sevruk1992),and is discussedin detail in the geostatisticalliterature
(Carr 1995,Wackernagel1995).Fig. 3 showsthe principleof the analysistechnique.

U U Cl Cl

“i
[:| El Cl El

\ decorrelationdistancefor
D U El El gridpointatlocationua

III B El El uo

D El U U

100km

Figure 3 ForeachareaA, representedbyagridpointuoinitscentre,then=12closestObservationsZ(u,)+
5(u;),i = 1,2,...n,withinthedecorrelationdistanceareusedto estimatethevalueof thearea
averagedprecipitationZA(ua).

According to the relationshipindicatedin fig. 3, the true valueof the precipitationZA(uo) is
the integral of all precipitationprocessesZ (u) located at u 5 (a:,y) within the areaA:

ZA (ua) : —/ä-/Z(u) da:dy (7)
A
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An estimateof ZA is definedby the followinglinear combination:

inaa=fpaamntmm @)
i=1

Here Z(u,), z': 1,2,...‚n, are the true precipitationvaluesat the n=12 closestlocations u„
and ö(u,) are the (unknown)observationalerrorsat theselocations. It is assumedthat the rain
gaugeerrorsare randomwithmeanzero,uncorrelatedin space,andthat their root-mean-square
valueis constantwithin themodel domain.

The linear combinationis a best linear unbiasedestimate(BLUE) of the coefficientsA„
i = 1,2, ...,n if the followingconditionsare satisfied.

. Unbiasedness: the expectationof the estimateshouldbe equalto the expectationof the
true value:

EVnml=ßwnmt=mwa @)

. Minimum variance: The varianceof the estimatesfrom all possiblerealizationsshould
be minimal with respectto the A,:

0,2,(u,) : Var [Z, (u,)] = E [(z, (u,) _ z, (u,))2] : Min. (10)

From (10), combinedwith (7) and (8), follows:

die(Ho)= E (%/ Z(u) dxdy - Zn:/\i[Z (Hi)+ 5 (“i)l) (11)
A 1:1

Assuming that the precipitationfield is secondorder stationary (homogeneous)and isotropic,
theweightsÄ,-canbeobtainedbyminimizingtheestimationvariance(meansquareinterpolation
error).

a?E(u,) : ä—//E [Z((u)Z u')] dxdydw’dy’— (12)
nA A

_ 22), —A/E [Z(u)Z(u,-)] dxdy— 22 ‚\,-——/E [Z(u)ö(ui)l dxdy+
i=1

+ ZZA,A,-[ZE (u,-)Z(u,)]+z‚\,2ß[ö(u ,)2]
i=1j=1
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If it is further assumedthat the covariancefunction

CO?)(u,-,u,) = E [Z (u,) Z (u,-)]—m2 ,

is known, then from eq. (12)follows:

1
of,;(u„) = ? //Cov (u,u') dxdydrr'dy'-

A A
TL

— 2 A,-% /Cov (u,u,-) da:dy+
Ai=1

+ ZZ /\,-ÄjCOH(H0HJ')+Z /\i2Elö(ui)2li=1j=1 i=1

Normalizedwith the variance

02 : Con (u„u,) ,

the estimationvariance(krigingvariance)03 : a‚%;/c2can be writtenas

03(ua) 1412-//R(u,u') dxdydx'dy'-
A A
TL 1

— 22 A,-—Ä/R(u,u,-) da:dy+

77.TL TL
+ 22 Ä,“ÄjR(u„u,)+Azz Ä,'2

i=1j=1 i=1

In eq. (16)the term

Con (u,-,uj)
02R(u,-,u,-) :

is the correlation,and the normalizedmean-squareobservationalerror is definedas

E [5(u,-)2]
2_

A— 20'

(13)

(14)

(15)

(16)

(17)

(18)
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The required condition that the measureof the interpolationerror is a minimum, had to be
performedunder the conditionthat the sumof theweightingfactorsis equal to unity.

Ä,‘: 1 (19)
n

=12

This additional relationshipfollowsfrom the unbiasednessconditionand is needed,becausenot
the deviationsfrom the expectationvalues(norms),but theobservationalvaluesthemselvesare
interpolated.

Extreme valueswith an additional condition can be calculatedby means of Lagrange’s
method. Let us definethe function:

0620(110;Ä1,„,Än;/1)—203(ua;/\1,..,Ä„) + 2p (Z Ä,—— l) (20)
i=1

In orderto meetcondition(10)above,the derivativesof this quantitywith respectto theweights
Ä,-haveto be set equalto zero:

30520(110;Ä17"))‘ni#)
ÖA,-

: —2ä—/R(u,u,) da:dy+
A

(21)

+ 2 Z ÄjR(ü„üj)-l-2A2Ä,+ZUZO
j=1

The still undeterminedfactor ‚uis theLagrangianmultiplier. The derivativeof (20)with respect
to ‚LLreproduces(19). This leads to a set of n+1 linear equationsfor the weightingfactors A,-
and for ‚u.

f: A,- R(u„u,) + A2 A,-—l-u : —1—/R(u,ui) da:dy (i : 1,2,...,n)
j=1 A A

(22)

i >‘i = 1
i=1

If wemultiply (22)by A,-and take the sumover i, thenweobtain

n n n n 1
A,A,- n(u,-,u,) + A2 Z)? +„ = Z /\,Z /R(u,u,-) da:dy (23)

and the estimationvariance(16)can be writtenas
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03(ua) : —Ä—2//R (u, u') dxdydx'dy'— -A,%A/R( u,u,-) dxdy—-p (24)
i=1

Thus, if the correlationsare known,the setof equationscan be solvedimmediately.Note, that
an increasingobservationalerror leads to a decreasein the differencebetweenthe weighting
factors A„ and thereforeto a smoothedprecipitationfield.

Inpracticethe true correlationfunctionR(p) is not known.Instead,anempiricallyestimated
function R(p) accordingto eqs. (4), (5)is used. With the correlationmodel:

R(p) R(p)—A2 forp>0 (25)

R(p) : 1 forp=0

whichhas a discontinuityat the origin,andwith pickingthe correspondingvaluesat the discrete
interstationdistances,the systemof equations(22)reads:

% A.- R(u:.u.)+u=i /R(u‚u.) dxdy 0=1.2‚....n)j=1 AA

(26)

7:21

A2 is nowpart of the correlationmodelR (p) and the normalizedestimationvariancefollowsas

a€02(u0)_— Z—1/A/R(u ")dxdydcc'dy-
ü£li=1
M] ““r) da:dy_ M (27)

A

It can be obtainedimmediately,becausethe doubleintegralhas to be calculatedonly oncefor
the model domain, while the secondintegralhas alreadybeen calculatedin order to solveeq.
(26).

The estimationvariance (27) is given separatelyfor each grid point, and is a measureof
the quality of the analysis. First, it dependson the size of the analysedarea. If the area is
large,then the doubleintegraltermis small. If the areadecreasesto a point,this termincreases
to unity. Second, the estimationvariancedependson the station density,and third, on the
statistical structureof the precipitationfield. Therefore,the estimationvariancedefinedfor the
grid areaA - that is the normalizedmeansquareinterpolationerror - decreaseswith increasing
station density,and increasingdecorrelationdistance.
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5 NUMERICAL IMPLEMENTATION

In the following,the practical calculationsfor the estimationof grid areaaveragedprecipitation
values (fig. 3) is described. In a first step the input data, the routinely distributed synoptic
observations,are checkedagainst a plausibility criterion. This means that observedvalues
exceedinga climatologicalthreshold,definedas 300mm/12h(Rubel 1994),are assumedto be
unrealistic. These valuesare thereforetreatedas missingvalues. An additional correctionof
the observationswith respectto wind inducederrorsor lossesdue to evaporationand wetting
(Sevruk 1986,F0rland 1996),has not beenperformedin the presentanalysis.

After this crudedata check,in a secondstep the actual precipitationanalysisis performed
grid area by grid area. Since it is assumedthat only observationswithin the decorrelation
distanceof the central point of the grid area will affect the analysis, theseobservationshad
to be selected. To do this, the observationsare sortedwith respectto their distancefrom the
centralpoint of the area. The QuickSortalgorithm,whichis standardin numericalcomputation
(Presset al. 1987),is used. Finally, only the 12closestobservations[Z(u,)+ö(u,)], z'= 1,..., 12,
are chosenfor the analysis. The areallyaveragedprecipitationis calculatedfrom eq. (8), after
determinationof the unknownweightingfactorsfrom eq. (26).

To simplify the writing of the numericalsolutionof the krigingsystem(26), the following
terminologyis defined:

A
Rij = R(ui7uj) (28)

ü>“ll-*
=R/(u )dccdy (29)

A

[_1
—-A—2! /R(u )'dccdydcc'dy (30)

With the abovedefinitions,(26)can alsobe written in matrix form

1 R12 R13 ... Rln 1 A1 301

R21 1 R23 R;„, 1 A2 R,;

1133111332 1 R3n 1 >13 : 303 (31)

377.1Rn2 RnB 1 1 >\n Ron
1 1 1 1 0 ‚l 1
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and the estimationvariance(alsocalledkrigingvariance)can be writtenas:

n2 . .
06 : R00_ 2 AtR02_ # (32)

2:1

ud “c

A
A gridarea

[] ua,“b “c! ud, and “a locationofpointsinareaA

" u, locationofthel-thobservat10n

. “i

ua “b

Figure 4 Locationofthepointsua,ub,u,;,ud,and11,)in theareaA asusedforthenumericalintegration
oftheautocorrelationfunction.

The location of the pointsusedfor the numericalintegrationof (29)and (30)is shownin fig. 4.
With this, the numericalapproximationof Ro, wasperformedwith:

. 1 . . . . .
R0,-= % [R(u„, u,) + R(ub, u,) + R (u„,u,) + R(ud, u,) + 4R (u„, u,)] (33)

Parallel to that, the approximationfor R00is calculatedfrom:

n„ : gg ifz(u„ u..)+ fz(u., u..)+ R(u..u.) + fun... u..)+ 4R(u..u.)] +

+ -ä-%iR(u„, u,) + R (u„ u,) + R(u‚„ u,) + R(ud, u,) + 4R(u„, u,)] +

+ %.% ’jg(u...u,) + n(u„ u,) + R(u„ u,) + R(ud,uc) + 4R(u„ ua)]+ (34)

+ %. ä—rR(ua,ua))+ R(u;„ ud)+ R(uc,ud) + R(ud, ud)+ 4R (ua,ud)]+

+ 3% [R(u„ u,) + R (u„ u,) + R(u.. u..)+ R(ud‚ uo)+ 411(ua,ua)]
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Because of the exclusive dependenceof the correlationson the interstation distance, e.g.
R(u„, ub) : R(u„, ud) : R(ub,uc) : R(u„ ud) is valid. Then, from (34)follows

R00 : [4R(ua,ua) + 8R (ua,ub)+ 4R (ua,uc)+ 16R(ua,ua)]+ (35)

SIHSIH
[4R(ua,ua)+ 4R (ua,ua)]

and the final solutionfor the numericalapproximationof R00can be writtenas

‚. ]_ .. ‚. .. ‚.
R00 : T6 [8R(ua,ua)+ 5R (ua,ua) + 2R (ua,ub)+ 1R (u„, u,)] (36)

Note, that R(u„, u,) = 1, and if all grid boxeswithin the model domain are of samearea A,
then eq. (36)has to be calculatedonly once. Conversely,eq. (33)has to be calculatedfor each
areaA for whichan observationlocatedat u,-is usedto estimatethe valueof its areallyaveraged
precipitation. By knowingR„ and R„,-,the weightsA, for the observations[Z(u,) + ö(u,-)]can
be calculatedfrom eq. (31). The analyzedareally averagedprecipitationthen followsfrom (8).

In fig. 5, an exampleof the describedprecipitationanalysisis presented.The precipitation
field for 26August 1995,18:00UTC (accumulatedfrom 06:00to 18:00UTC), reachesfrom the
north of Scandinaviasouth to Greeceand coversnearly the entiredrainagebasin of the Baltic
Sea (greenboundaries). A scale, ranging from precipitationvaluesfrom 1 mm/12h to values
equal to or greaterthan 256mm/12h,is used. Areas of heavy rain showsprecipitationvalues
of 16- 32mm/l2h.

For the interpretationof an analyzedprecipitation value, it is useful to have someprior
knowledgeof the interpolationerror. Fig. 6 showsthis interpolationerror, called kriging vari-
ance,for the 26August 1995,18:00UTC. This kind of interpolationerror is a relativemeasure
of the reliability of the analyzedvalues,and dependson the stationdensity,the autocorrelation
function, as well as the extensionof the analyzedgrid areas. The krigingvarianceis the mean
squaredifferencebetweenthe true and the estimatedprecipitationvalue,normalizedwith the
varianceof the precipitationfield. A zero valuemeansno interpolationerror, a value of unity
indicatesthat themeansquaredifferencebetweenthe trueand the estimatedprecipitationvalue
is of the sameorder as the variance. The lowestvaluesof the krigingvariance(lowerthan 0.1)
areoverSwitzerlandandAustria, both outsidethe Baltic drainagebasin,and thehighestvalues
(greaterthan 0.8) are over the Atlantic Ocean and the Black Sea. Over the latter regions,no
data are available. Over the Baltic Sea,valuesof the krigingvariancearebetween0.3 and 0.4.
In otherwords,the absoluteinterpolationerror is 30 - 40% of the varianceof the precipitation
field. Note, that it is not possibleto interpretethe interpolationerror as a percentageof the
precipitationvalueitself,becausethe valueof the varianceis unknown.The latter is an implicit
part of the autocorrelationfunction.

Nevertheless,thekrigingvarianceallowsus to detectareaswith lowaccuracy.If oneusesthe
analyzedprecipitationfields as model input (Dorningeret al. 1995)or for model verification,
thena krigingvariancethresholdofe.g. 0.3canbedefinedfor usableprecipitationvalues. Model
resultsor model verificationsof grid areaswith kriging variancesabovethis thresholdhave to
be interpretedwith respectto the lowanalysisquality.
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Figure 5 Page22: Objectivelyanalyzedprecipitationfieldfor26August1995,18:00UTC. Unitsarein
mm/12h.

Figure 6 Page23:Normalizedinterpolationerror(krigingvariance)oftheobjectivelyanalyzedprecipitation
fieldfor26August1995,18:00UTC.



22 PIDCAP - Quick Look Precipitation Atlas

l_ Precipitation
[mm/12h]

70°

60°

0° 10°E

26.08.1995 18:00

50°E

!

60°

50°



23PIDCAP - Quick Look Precipitation Atlas

Interpolation]
0.30.20.10.0 Error H0.5 0.6 0.7 0.80.4

30°E 40°E 50°E20°E10°E

0026.08.1995 18

'>

70°

50°

20°E10°E



24 PIDCAP - Quick Look Precipitation Atlas

6 COMPARISON WITH ECMWF FORECASTS

To be sure that the structureof the analyzedprecipitationfieldsis realistic,forecastsfrom the
ECMWF T213 modelareusedfor comparison.The modelledfieldsare 12-hourlyaccumulated,
from 18to 30 hour forecast.

As a first visual comparisonwith 4 days of the PIDCAP period, 27—30 September1995,
the forecastvs. theobservedprecipitationfieldsareplottedagainsteachother (fig. 7). There is
a good agreementin both the pattern and the values,betweenthe forecastand analyzedfields,
whichpoints to the highqualityof the ECMWF precipitationforecasts.Furthermore,this good
agreementshowsthat the structureof the analyzedfieldsis consistentwithmodelfields. This is
important, becausethe analysisprocedureis basedon an averagingprocesswhichcan therefore
lead to precipitationfieldswhichare to smooth.

In the discussionof the comparison,one has to considerthe absenceof observationsover
the North Sea. A comparisonof the fields over this regionis thereforenot possible. Beyond
this, the observationsare uncorrected.The slightoverestimationof the predictedprecipitation
in regionsof heavyrain mightbe causedby the underestimationof the gaugevaluesdue to e.g.
wind-inducedlosses(F0rland 1996).

It is plannedto analyzeselectedprecipitationeventsof the PIDCAP periodwith additional
observationsfrom national climate and hydrologicalnetworks. This high resolutionanalysis
will be performedon the full resolutionREMO grid (18km grid distance),and will take into
accountthe proposedgauge-corrections(Sevruk1986,F0rland 1996).The resultingobjectively
analyzedprecipitationfieldscan thenbe usedfor quantitativeverificationsof mesoscalemodels
(HIRLAM, DM, and REMO).

Figure 7 Pages25- 26:PrecipitationfromECMWF, 12-hourlyaccumulatedfrom18to 30hourforecast
(left)vs. precipitationanalyzedfromsynopticobservations(right).Datesare27- 30September
1995,18:00UTC. Unitsareinmm/12h.
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7 TWICE DAILY PRECIPITATION FIELDS

This is themain chapterof the PIDCAP quicklook precipitationatlas,containing4 month (Au-
gust to November1995)twicedaily griddedprecipitationfields. Fig. 8 showsthe precipitation
fields, objectively analyzedwith block kriging, for 06:00UTC (left)and 18:00UTC (right) in
units mm/12h. The precipitationfields are estimatedfrom synopticgaugeobservationsaccu-
mulated over the last 12hours. The typical densityof the synopticnetworktogetherwith the
analysisgrid, can be seenin fig. 1. The scalingof the contourlinesis definedby powersof base
2, startingwith 20for values2 1mm/ 12h,and endingwith 28for values2 256mm/12h.

The twicedaily precipitationfields (fig. 8) are usedto selectinterestingperiodsfor further
investigations.Three periodswith heavyprecipitationoverthe catchmentof the Baltic Seaare
found. These are:

. 23 August to 5 September, 1995: HeavyprecipitationoverthewholeBaltic regionwas
causedby a cyclonemovingfrom the North SeaoverSwedento the North Cap, followed
from 3 cyclonesmovingnorthwardsfrom their developingregionnear the Black Sea.

. 24 September to 2 October, 1995: Two frontal systemsmovedacrossthe BALTEX
regionfromwestto east. The structureof thesesystemsis welldefinedby the correspond-
ing precipitationfield.

. 31 October to 4 November, 1995: This period containsa regionallyconfined,but
very strongnorth storm. In almostthe entireBaltic region,the precipitationoccurredin
the form of snow,whichis unusualfor this time of the year.

Beside theseperiods,severalotherperiods,possiblyinterestingfor casestudies,can be selected
from the picturesin fig. 8:

o 9 Septemberto 12September,1995

14Septemberto 17September,1995

o 4 October to 8 October, 1995

o 18October to 23October, 1995

o 27 October to 28October, 1995

o 15Novemberto 19November,1995

o 23 Novemberto 28November,1995

This atlas doesnot containdetailedanalysesand descriptionsofweathersituations,sinceaddi-
tional informationconcerningthis field, togetherwith selectedprecipitationrecords,is available
from other authors (Isemer1996).

Figure 8 Pages28- 88:Objectivelyanalyzedprecipitationfieldsfortheperiod1August1995—30November
1995,06:00and18.00UTC. Unitsareinmm/l2h.
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8 MONTHLY BALTIC DRAINAGE PRECIPITATION

Beside the 12-hourly accumulated precipitation fields, both the areal distribution and the total
amount of the monthly precipitation input into the Baltic drainage basin are of interest. They
are both computed from the 12-hourly precipitation fields (fig. 8). The advantage of this as
opposed to the use of monthly accumulated precipitation values, is that observations that are not
continually measured all month long, are also included in the analysis. Further, the 12—hourly
analyses are prepared, and they are easily added. Fig. 9 shows the areal distribution of the
monthly precipitation for the four months of the PIDCAP period in the Baltic drainage basin.

In August, the areal precipitation distribution is characterized by values approximater
50 mm higher than the majority of the drainage basin. The maximum is registered in the
mountainous North, with values exceeding 128 mm. The minimum, with values lower than 16
mm, is located in southern Sweden. In September the high values are observed at the border
between Sweden and Norway, whereas the maximum precipitation has been analyzed in the
southern part of the drainage basin. In contrast to this, October is characterized by a marked
north-south distribution of precipitation (fig. 9). Again, the highest values exceed 128 mm in
the north of the domain, but a pronounced dry region with values lower than 8mm is observed
in the south of Poland. For November, monthly precipitation values ranging from 32 to 64mm
over the whole drainage basin have been analyzed.

If the temporal distribution of the areally averaged precipitation in the Baltic drainage
basin (fig. 10) is looked at, the proposed case study periods of heavy rain (chapter 7) are also
evident. The monthly areally averaged estimates of precipitation are 53 mm for August, 71
mm for September, 41 mm for October, and 46 mm for November. From the climatological
water balance of the Baltic drainage basin (Kuusisto 1995),it can be seen, that there is a strong
seasonal dependence on the averaged monthly precipitation input. According to this, the highest
amount of precipitation can be expected in August (82 mm), and the lowest values in February
(43mm). This does not correspond with the analyzed monthly averages for the PIDCAP period,
which are generally too low when compared to the climatological values.The precipitation deficit
is 27 mm for August, 1 mm for September, 23 mm for October, and 19 mm for November 1995.
Obviously, the PIDCAP period was too dry, when compared to climatological estimates. The
exact quantity of the monthly precipitation has to be regarded as a first estimate, because
in the analysis uncorrected observations are used. This may lead to slightly underestimated
precipitation values.

Figure 9 Pages90- 93: Areal distributionof monthlyprecipitationfor the Baltic drainagebasin,obtained
from twicedaily objectivelyanalyzedprecipitationfields.DatesareAugust, September,October,
andNovemberof the PIDCAP year1995.Units arein mm/month.
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9 CONCLUSIONS

In the presented quick look atlas, observations from the synoptical network, routinely trans-
mitted via GTS, are objectively analyzed. For the analysis, a statistical method well known as
ordinary block kriging was used. With this method, the areally averaged precipitation is esti-
mated from the irregularly spaced observations, by minimizing the mean square interpolation
error. The structure of the precipitation fields was compared with corresponding fields from the
ECMWF forecasts. They were found to be in good agreement.

The results are presented in the form of twice daily precipitation maps for the whole BALTEX
model domain. Further, the areal distribution of the monthly precipitation input into the Baltic
drainage basin was calculated from these twice daily precipitation fields. Averaging over all
grid points within the Baltic drainage, gives areally averaged monthly precipitation values for
the four months of the PIDCAP period. Additionally, the temporal distribution of the areally
averaged precipitation values is presented in the form of a time serie.

The analyzed precipitation fields are routinely used as input fields for the diagnostic model
DIAMOD (Dorninger et al. 1995),and can be used for model verifications (Rubel et al. 1993).
Further, they give a quick look view of the PIDCAP precipitation events.Despite of the high
quality of the analysis, a few improvements will have to be made in the next analysis step, which
will be done using a higher resolution analysis grid (18 km grid distance), and additional data
from the BALTEX data centre. These are

. Implementation of a correction procedure for the observations, or for the areally averaged
precipitation values (Legates 1990).

. Elimination of a small bias in the presented analysis, due to the assumed normal distri-
bution of the precipitation data. It has to be proven wether the observations are really
distributed normally, or not. If one assumes that the observed precipitation data are
distributed logarithmically, rather than normally, then they have to be transformed to a
normal distribution before they are statistical analyzed (Carr 1995).This aspect is well
known, but to the knowledge of the author has never been implemented in meteorological
applications of statistical precipitation analysis (Creutin and Obled 1982).
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